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Abstract 
The magnetic field effect (MFE) on photosynthetic reactions in the D1-D2 reaction centre complex was studied using a new field 
modulation technique, and monitoring the absorbance from 1.2 to 200 K. The MFE recorded at low temperature (below 60 K) showed 
several features that cannot be due to the intrinsic properties of the primary donor triplet only. The temperature dependence of the 
amplitude of the MFE was simulated using a thermally activated charge-recombination rate from the radical-pair singlet state to the 
ground state and thermally activated charge recombination to the excited primary donor state. Due to repeated re-population of the excited 
state at high temperatures, triplet formation by intersystem crossing becomes important. The simulation yields upper limits for the 
activation energies of the two recombination processes of 26 meV and 70 meV for recombination tothe singlet ground and excited state, 
respectively. From a Gaussian deconvolution of magnetic field-induced Triplet-minus-Singlet (T -  S) spectra recorded at different 
temperatures in the range of 1.2 to 200 K, it is concluded that the conformation of one of the main components of the T - S spectra is 
transformed between 50 K and 70 K. Furthermore, going on to higher temperatures, an additional bleaching appears centered at 674.5 rim. 
The additional component could be due to delocalisation of the primary donor triplet. In the T - S spectra recorded above 50 K, also a 
bleaching at 545 nm was observed. The formation of the triplet giving rise to this bleaching (probably a pheophytin triplet) is related to 
triplet formation by the radical pair mechanism. 
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1. Introduction 
The Dl°D2-cyt b-559 complex, the reaction centre 
(RC) of Photosystem II (PS II) of plants, has been the 
subject of extensive spectroscopic research. The Triplet- 
minus-Singlet (T -  S) absorbance difference spectrum of 
the D1-D2-cyt b-559 complex at low temperatures, deter- 
mined with time-resolved spectroscopy [1,2], is a smooth 
curve without much structure. With absorbance-detected 
Abbreviations: ADMR, Absorbance-detected magnetic resonance; Chl, 
chlorophyll; ISC, intersystem crossing; LD, linear dichroic; MFE, mag- 
netic field effect; MFI, magnetic field-induced; MIMS, magnetic field-in- 
duced mixing of triplet sublevels; MODS, magneto-optical modulation 
spectroscopy; Pheo, pheophytin; PS II, Photosystem II; RC, reaction 
centre; RP, radical pair; RPM, radical pair mechanism; T -S ,  triplet- 
minus-singlet 
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magnetic resonance (ADMR) spectroscopy it was shown 
that the large bleaching centred at 680 nm is generated by 
three types of triplets, which differ in their wavelength of 
maximum absorption, their [Dl-value and their T - S spec- 
trum [3]. The presence of triplets with different D-values 
was confirmed by Carbonera et al. [4], who performed 
fluorescence-detected magnetic resonance (FDMR). Kwa 
et al. [2], performing absorbance-difference spectroscopy 
with site-selective laser flash excitation, concluded that 
because of their different spectral shapes, the different 
triplet types indeed arise from distinct pools of P680, and 
cannot be explained as being analogous to the inhomo- 
geneity observed for the P960-band of Rhodopseudomonas 
viridis [2]. 
In photosynthetic reaction centres in which the sec- 
ondary acceptor is reduced or removed, an external mag- 
netic field can affect the triplet yield through the so-called 
radical pair mechanism (RPM) [5,6] or by the magnetic 
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field-induced mixing of triplet sublevels (MIMS). The 
latter is due to the magnetic field dependence of the 
eigenfunctions of the triplet state of the primary donor (3p) 
[7]. The MIMS-effect dominates at very low temperatures 
(well below 60 K), and the magnetic field effect as a result 
of the RPM (RPM-MFE) is the principal magnetic field 
effect (MFE) at temperatures above 60 K. 
In optical spectroscopy several applications of the MFE 
are known. For example, the magnetic field can be used to 
modulate the ground state and excited triplet state popula- 
tions of one or more pigments in the sample under study. 
By monitoring the MFE at different wavelengths, a mag- 
netic field-induced (MFI) T - S spectrum is obtained; this 
technique has been labelled magneto-optical difference 
spectroscopy (MODS) [7-9]. Because for recording MFI 
T - S spectra it is immaterial which type of MFE (MIMS 
or RPM-MFE) predominates, MFI T -  S spectra can be 
recorded in a wide range of temperatures, making MODS 
an ideal tool for measuring temperature-dependent T -  S 
spectra. Because the RPM-MFE is the only MFE present at 
higher temperatures, triplets that are formed by 'normal' 
intersystem crossing will not contribute to the MFI T - S 
spectra recorded above approx. 60 K. 
The dipolar interaction, either of the triplet state of the 
primary radical pair (3Rp) or of 3p, is anisotropic with 
respect o the direction of the external magnetic field. This 
offers the possibility of recording a linear-dichroic (LD) 
T -  S spectrum, the difference of the T -  S spectra ob- 
tained with light polarised parallel and perpendicular to the 
magnetic field. At low temperatures (where the MIMS-ef- 
feet dominates) this technique allows to obtain information 
on, amongst others, the orientation of the optical transition 
moment relative to the dipole tensor of 3p. 
Instead of scanning the detection wavelength at a fixed 
magnetic field (or fixed modulation amplitude when the 
field is modulated), one can monitor the MFE at a fixed 
wavelength as a function of the magnetic field, obtaining a
so-called MFE curve. The difference in MFE for light 
polarised parallel to the magnetic field (MFEII) and per- 
pendicular to the magnetic field (MFE±) yields the 
linear-dichroic (LD-)MFE curve. At high temperatures (> 
60 K), the MFE- and LD-MFE curves provide information 
about the interactions and kinetics involved in the forma- 
tion of 3p by the RPM, and on the relative orientation of 
the dipole tensors of 3p and the radical pair triplet, respec- 
tively. At low temperatures, the curves report on the 
properties of 3p itself. For a detailed discussion of the 
theoretical and technical backgrounds of the MFE, we 
refer to [10-12]. 
The D1-D2-cyt b-559 complex does not possess a 
secondary acceptor quinone, which is removed in the 
isolation process [13]. Consequently, the primary radical 
pair decays uniquely by charge recombination, and a triplet 
state is formed by the RPM [14] with a quantum yield 
> 0.8 at 10 K [14]. This makes the D1-D2-cyt b-559 
complex a suitable candidate for a MODS study of the 
temperature dependence of the MFE curve and the MFI 
T - S spectra, analogous to the studies of Lous et al. [7,8] 
on bacterial RCs. These authors observed, in addition to 
the expected broadening of the absorption bands with 
increasing temperature, changes in the T - S spectra, which 
were ascribed to conformational changes and thermally 
activated energy transfer processes. 
In this work, we have studied the MFI T - S spectra of 
the D1-D2-cyt b-559 complex in the range 1.2 to 200 K. It 
is concluded that the various bands composing the T - S 
spectra do not change appreciably with temperature with 
regard to centre wavelength, relative amplitude and width, 
except for the appearance of a Gaussian band centred at 
674.5 nm at temperatures above 80 K. Furthermore, the 
temperature dependence of the MFE-curve is discussed, in 
relation to the temperature dependence of the MFE mea- 
sured by Volk et al. [15], and the triplet yield measured by 
Groot et al. [16]. The LD-MFE-curve at low temperatures 
shows much structure, which can be explained only partly 
in terms of the RPM or 3p parameters. Possibly, also a 
pheophytin triplet contributes to this structure. 
2. Experimental 
D1-D2-cyt b-559 complexes were isolated as described 
[13]. The sample was diluted with 66% glycerol to ascer- 
tain the formation of a clear glass. The final OD of the 
sample at 680 nm and room temperature was 0.4. 
The MFI T - S spectra were recorded as described by 
Lous et al. [7], with modifications of the detection equip- 
ment as described in Ref. [17]. The data measured at 1.2 K 
were obtained with a home-built bath cryostat, those ob- 
tained at higher temperatures with an Oxford ESR-9 flow 
cryostat, equipped with a home-built pyrex insert. 
The temperature was determined with a BAV 99 diode, 
which was placed in the sample within the light spot. The 
temperature was measured by monitoring the voltage across 
a home-built constant current supply, which provided a 
current of 10 /xA through the diode [18,19]. The tempera- 
ture dependence of the MFE was measured by simultane- 
ously recording the voltage across the current supply of the 
diode and the output of a lock-in amplifier operating in 
'ratio'-mode, which measured AI / I ,  where I is the inten- 
sity of the transmitted light and AI the change in transmis- 
sion induced by a (modulated) magnetic field. An AL 682 
interference filter was inserted between the sample and the 
lamp to minimise heating effects due to the intense light. 
The differential MFE was detected using field modula- 
tion. A DC magnetic field was scanned from 0 to 50 mT 
and a field modulation of 0.5 mT was applied with a 
frequency of 78 Hz. The LD-MFE was recorded either by 
inserting a polariser between the lamp and the sample with 
polarisation direction oriented parallel and perpendicular to
the magnetic field, or by using isotropic excitation and 
inserting a photo-elastic modulator (PEM) between the 
sample and the detector, as in Ref. [7]. 
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The T - S spectra recorded in the 660-695 nm region 
were measured with a RG 650 and a Coming filter (cut-off 
> 700 nm) in the excitation beam and a slitwidth of the 
monochromator placed between the sample and the light 
detector of 1 mm (0.5 nm per point). The T -  S spectra 
ranging from 450 to 750 nm were recorded using a gray 
filter of 20% and a slitwidth of 2.5 mm (2 nm per point). 
The peak amplitude of the sinusoidally modulated mag- 
netic field was 25 mT. (For recording T -  S spectra, no 
DC magnetic field was applied.) 
The T - S spectra were analysed using a deconvolution 
in Gaussian bands with software described in Ref. [3]. 
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3. Results 
The temperature dependence of the amplitude of the 
MFE is shown in Fig. 1. It is seen that the effect sharply 
decreases going from 25 to 50 K, and then, going to higher 
temperatures, slowly increases until a maximum is reached 
at 150 K, whereupon the MFE decreases. After the sample 
had been heated to 225 K, it was cooled and the amplitude 
of the MFE reached again a maximum value, which, 
however, was smaller than in the upgoing scan and was 
located at 165 K. The smaller amplitude is presumably due 
to degradation of the sample at temperatures above 200 K. 
Keeping below 200 K, we could repeatedly cycle the 
sample between 1.2 and 200 K with completely reversible 
spectral changes and amplitude of the MFE. In studying 
the temperature dependence of the T - S spectra, we did 
not record spectra bove 200 K to minimise degradation of 
the sample. 
Fig. 2a shows the MFI T - S spectra in the temperature 
range 1,2-200 K, recorded from 450 to 750 nm, with the 
amplitude of the 450-670 region amplified by a factor of 
4. Fig. 2b shows the T - S spectra in the Oy region, from 
660 to 695 nm. Al l  T -  S spectra are normalised at the 
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Fig. 1. Temperature d pendence of the MFE of the D1-D2-cyt b-559 
complex. The data in this figure were obained with a single temperature 
scan in which the temperature was slowly increased from 25 to 225 K, 
after which the temperature was reduced own to 120 K. The Y-axis 
shows the relative MFE (AI / I )  detected at680 nm. The amplitude of the 
sinusoidal modulation was 25 mT. 
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Fig. 2. Temperature d pendent MFI T - S spectra of the D1-D2-cyt b-559 
complex recorded from 1.2 to 200 K (Table 1). All spectra re normalised 
to the maximum absorbance difference at 680-682 nm. (a) T -  S spectra 
in the region from 450-750 nm. The 450-670 nm region is enlarged by a 
factor of 4. The arrow marks the minimum at 545 nm. Spectra were 
recorded with a slitwidth of 2.5 mm and 2 nm per point; averages of 9 
scans. (b) T -S  spectra in the region from 660-695 nm. Spectra were 
recorded with a slitwidth of 1 mm and 0.5 nm per point; averages of 4 
scans. 
maximum bleaching around 680 nm. It is seen that on 
going to higher temperatures, the bleaching at 680 nm 
acquires an additional component at its blue edge, and the 
wavelength of maximum bleaching shifts approx. 1 nm to 
the red. Furthermore, the (positive) absorbance in the 
450-650 nm region and at 665 nm slightly increases for 
temperatures above 100 K. The amplitude of the bleaching 
at 625 nm remains constant. 
Fig. 3 shows the MFE recorded at 25 K (full line) and 
80 K (dashed line), using field modulation, unpolarised 
light and a PEM with an analyser between the sample and 
the light detector. The (measured) derivative of the MFE- 
curve is displayed in the left panels (Fig. 3a and c), the 
(numerically integrated) actual MFE-curve in the the right 
panels. The upper panels show the iso-MFE-curve (Fig. 3a 
and b), the lower panels the LD-MFE (MFEII-MFE ± ; Fig. 
3c and d). The MFE recorded at 25 K with monochromatic 
light polarised parallel (MFEII; full line) and perpendicular 
(MFE± ; dashed line) to the magnetic field is shown in 
76 R. van der Vos, A.J. Hoff / Biochimica et Biophysica Acta 1228 (1995) 73-85 
0 10 ~0 SO 40 SO 
0.0 
~, -,1.0 
41.0 8 
~-e.O 
-1~.0 
10 20 80 40 60 
~ " ( ~  
J 80K  " , -  
0.8 
O.4 
m 
-0.4 
. . . .  , '. , , , , ,. ,• ,. , ,, 
%'",,.,..,. , - .  
i ~ X4 
v 
* i i 
0 10 RO 80 40 SO 10 gO 30 40 SO 
magnetic field (m'r) 
Fig. 3. Differential MFE and LD-MFE recorded at 25 K (full line) and 80 K (dashed line). The iso- and LD-MFE were recorded simultaneously using 
monochromatic isotropic excitation/probe light and a PEM between the sample and the detector. The field modulation had an amplitude of 0.5 mT. (a) 
Differential isotropic MFE; averages of4 scans. (b) Numerically integrated MFEs from Fig. 3a. Note the possibility of the presence ofa small offset in the 
experimental data. (c) Differential LD-MFE; averages of4 scans. (d) Numerically integrated MFEs from Fig. 3c. 
Fig. 4. The derivative MFE-curve at 25 K (resulting from a 
combination of MIMS and the RPM-MFE) shows much 
structure, which is mainly due to the MFEx (Fig. 4), as 
the MFE u curve is quite smooth. In contrast, the MFE± 
curve shows two pronounced minima at 12 and 18 mT and 
a broad, weak minimum centred at 35 mT. The extremum 
at 4.5 mT of the iso- and LD-MFE-curves in Fig. 3a and c 
is also present in the MFEII and MFE± curves (Fig. 4), 
although less pronounced and remaining negative. In view 
of the inferior signal-to-noise of the MFE x curve, recorded 
with half the light intensity compared to the curve of Fig. 
3a, we do not attach significance to this difference. The 
sharp maximum at 7 mT, which is most pronounced in 
Fig. 3c, is reproducible, and not due to extraneous effects. 
The derivative MFE recorded at 80 K is a very broad, 
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Fig. 4. Differential MFE recorded at 25 K with monochromatic excita- 
tion/probe light polarized parallel (full line) and perpendicular (dashed 
line) to the magnetic field; averages of 4 scans. The field modulation had 
an amplitude of 0.5 roT. 
smooth curve, with a maximum at 23 mT (the inflection 
point of the actual MFE). The LD-MFE is much smaller, 
presumably because the MFE at 80 K is completely due to 
the RPM-MFE, whose anisotropy is determined by the 
relative orientation of the dipole tensors of 3p and 3Rp, 
giving rise to only a small LD-MFE. The MFE at 80 K 
recorded with light polarised parallel and perpendicular to 
the magnetic field (not shown) was identical to that mea- 
sured with the PEM. 
Fig. 5 shows the derivative MFE recorded with unpo- 
larised monochromatic excitation at temperatures between 
80 and 250 K (not normalised). It is seen that the maxi- 
mum (corresponding to the inflection point of the MFE) 
moves from approx. 22 mT at 80 K to approx. 12 mT at 
250 K. The maximum shifts only a few mT going from 80 
to 125 K, but from 125 K to higher temperatures up to 250 
K it shifts about 3 mT per 25 K. Furthermore, the ampli- 
tude of the derivative MFE at 50 mT relative to its 
maximum value becomes maller with increasing tempera- 
ture. This indicates that with increasing temperature the 
MFE saturates at lower field values. 
4. Discussion 
4.1. Triplet-minus-singlet spectra between 1.2 and 200 K 
The analysis of the MFI T - S spectra described below 
rests upon the Gaussian deconvolution of the ADMR-de- 
tected T - S spectra recorded at 1.2 K that was performed 
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in Ref. [3]. In this analysis, five bands were needed to fit 
the main bleaching of the 12 different ADMR-detected 
T -  S spectra that were recorded at different microwave 
frequencies within the same resonance band. The other 
features of the T - S spectra were fitted with a number of 
additional, minor, components. Three types of triplets were 
discerned, corresponding to different T -  S spectra: a 
shorter-wavelength type (characterised by two Gaussian 
bands with central wavelengths at 677.2 and 678.9 nm), a 
central-wavelength type (one Gaussian band centred at 
680.4 nm, FWHM width 4.6 nm) and a longer-wavelength 
type (two Gaussians centred at 683.3 and 685.6 nm). In 
ADMR-monitored T -  S spectroscopy these five bands 
were well discriminated because of the different zero-field 
splitting parameters related to these bands. In MODS, 
however, such a discrimination is not possible. Because 
the bands overlap considerably and those of a single type 
likely depend similarly on temperature, we have fitted the 
main bleaching of the MODS-recorded low-temperature 
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Fig. 5. Temperature-dependence of the derivative MFE recorded with 
monochromatic isotropic excitation light in the temperature ange from 
80 to 250 K. The full line is the smoothed spline function that was used 
to determine the maximum and Bl/2-values of the MFE-curves. 
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Fig. 6. Difference spectrum of the T - S spectrum recorded at 200 minus 
that at 25 K. Dots: difference spectrum; full line: fit; dotted lines: 
constituent Gaussian bands. Inset: the normalisation of the T -S  spectra 
recorded at 25 K (full line) and 200 K (dashed line) before the difference 
spectrum was calculated. The normalisation was calculated as described 
in Ref. [3]. 
T-  S spectra with three Gaussian bands, keeping the 
central band the same and substituting one band for the 
two shorter-wavelength bands, and one for the two 
longer-wavelength bands. A good fit of the T -  S spec- 
trum recorded at 1.2 K was achieved for the shorter-wave- 
length and longer-wavelength components having a FWHM 
width of 4.3 nm and 5.3 nm, respectively, and a central 
wavelength of 678.4 nm and 683.9 nm, respectively. For 
fitting the MODS-recorded 1.2 K T -  S spectrum in the 
range 650-720 nm, three more bands were added that 
were previously found for the ADMR-recorded 1.2 K 
T -  S spectrum [3]. The parameters of these three addi- 
tional bands need not be varied when fitting the T -  S 
spectra t higher temperatures. The MODS-recorded T - S 
spectrum at 25 K was practically identical to that recorded 
at 1.2 K and was fitted with the same set of bands. 
Searching for possible new components hat could ap- 
pear at higher temperatures, we calculated the 'reduced 
difference spectrum' [3] of the T - S spectra recorded at 
200 and 25 K (Fig. 6), and fitted this difference spectrum 
with three Gaussian bands. The largest band, centred at 
674.5 nm with a FWHM width of 9.0 nm, corresponds to 
the positive feature at 672 nm of the 25 K spectrum, which 
has disappeared at 200 K. A second band with similar 
amplitude, but opposite sign, is centred at 678.4 nm and 
has a width of 4.5 nm, similar to that of the shorter-wave- 
length bleaching at 1.2 (25) K mentioned above. Appar- 
ently, the contribution of this shorter-wavelength compo- 
nent to the T -  S spectrum is smaller at higher tempera- 
tures. A small positive component, appearing at higher 
temperatures, i  centred at 661.9 nm, and has a width of 
7.6 nm. The intensity in the difference spectrum between 
680 and 690 nm is attributed to variations in width and 
relative amplitude of the bands that were present at low 
temperature. All T - S spectra recorded from 1.2 to 200 K 
could be described as a linear combination of the T - S 
spectra recorded at 25 and 200 K. Thus, with the addi- 
tional components obtained from the difference spectrum 
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of Fig. 6, we have the full set of Gaussian bands that fits 
the MFI T -  S spectra over the entire temperature ange. 
Fig. 7 shows the fits for the T - S spectra recorded at 25, 
80, 120 and 200 K; all other T - S spectra could be fitted 
equally well. Table 1 lists the parameters u ed in the fits of 
the T -  S spectra; Fig. 8 shows the oscillator strength of 
the major Gaussian bands as a function of the temperature. 
The oscillator strengths of Fig. 8 and Table 1 have been 
normalised to the total optical strength of the major bleach- 
ing bands. Going from 1.2 to 200 K, the bands broaden 
with a factor varying from 1.4 to 1.6. The shift of the band 
centred at 683.9 nm is negligible (+ 0.1 nm). The contribu- 
tion of the 678.4 nm band (the shorter-wavelength triplet 
type) to the low-temperature MFI T - S spectrum is much 
smaller than in the analysis of Ref. [3]. Because the 
mechanism that gives rise to the modulation in triplet 
concentration is different for ADMR and MODS, the 
presence of the same triplet states might give rise to a 
different AA when measured with the two techniques, 
thus changing the composition of the T - S spectrum. On 
the other hand, in Ref. [3] it was shown that especially the 
678.4 nm component is sensitive to the isolation proce- 
dure, and we cannot exclude that, in spite of the same 
overall isolation procedure, the samples of Ref. [3] were 
slightly different from the present ones. 
From Fig. 8 it is seen that the shorter-wavelength 
component (678.4 nm) of the main bleaching vanishes at 
temperatures above 60 K, with a concomitant increase in 
amplitude of the 680.4 nm component. This suggests that 
between 60 and 80 K the shorter-wavelength triplet trans- 
forms into the central-wavelength triplet. The short-wave- 
length, low-temperature triplet could be due to a Chl 
present in the D1-D2-cyt b-559 complex other than P, or, 
as proposed in Ref. [3], due to P in RCs with a different 
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Fig. 8. Oscillator strengths of the components contributing to the main 
bleaching in the MFI T -  S spectra from 1.2 to 200 K. The total oscillator 
strength present in the main bleaching is normalised at each temperature. 
For more information about the parameters used, see text and Table 1. 
conformation. A similar change can be observed in the CD 
spectra recorded at different emperatures. The CD spec- 
trum of the D1-D2 complex at 6 K measured by Otte et al. 
[20], shows a positive contribution at 675 nm, which is 
absent in CD spectra measured at 77 K [21,22]. Studying 
the temperature dependence of the CD spectrum from 6 to 
298 K every 50 K, it was found (C. Francke, unpublished 
results) that the feature at 675 nm is still present in the CD 
spectrum recorded at 50 K, but is absent in the CD 
spectrum recorded at 100 K. We conclude that the differ- 
ences between the 6 K CD spectrum [20] and the 77 K CD 
spectrum [21,22] are not caused by differences in the 
preparation used, but are a property of the D1-D2 complex 
itself, resulting, for example, from a conformational 
change. This suggests that the change observed in the MFI 
T -S  spectra between 50 and 70 K is not due to a 
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Fig. 7. Fits of the MFI T - S spectra recorded at (a) 25 K, (b) 80 K, (c) 120 K and (d) 200 K. The spectra t 1.2, 25 and 40 K are practically identical with 
similar fit parameters (Table 1). 
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de-trapping of the shorter-wavelength triplet state, but is 
caused by a change in interaction of this triplet state with 
its environment. 
A Gaussian band centred at 674.7 nm appears at tem- 
peratures above 80 K and acquires a significant amplitude 
above 120 K (Fig. 8). Taking a closer look at the compo- 
nents of the main bleaching, the contribution of the 680.4 
nm band is seen to begin to decrease close to the tempera- 
ture at which the 674.7 nm band comes up. The numerical 
correlation between the 674.7 and 680.4 nm bands implies 
a physical relationship and suggests that the triplet state of 
one of the (primary donor) Chls present at low tempera- 
tures delocalises to an adjoining pigment. Such a delocali- 
sation is also observed for the primary donor triplet of PS 
I, which at low temperature is localised on one of the two 
Chls of the dimeric primary donor, and at higher tempera- 
tures delocalises over these two Chls [23]. 
The 500-600 nm region of the MFI T -  S spectra 
shows a minimum at 545 nm. This minimum is present in 
all T -  S spectra recorded at temperatures above 50 K. 
The S /N  ratio in the T -  S spectra at low temperatures 
around 545 nm is too low to draw conclusions about a 
possible correlation between the minimum at 545 nm and 
the appearing band at 674.7 nm in the  Qy region. In the 
ADMR-detected T - S spectrum of P680 there is no mini- 
mum between 540 and 560 nm. Instead, a broad, positive 
band, which is maximal at about 550 nm, is observed [24]. 
Pheophytin, however, shows a T -  S spectrum with a 
sharp, deep minimum at 546.5 nm [25]. Assuming that the 
545 nm minimum of the high-temperature MFI T -  S 
spectra is due to 3pheo, and using the 3pheo T - S spec- 
trum of Ref. [25] as calibration, we calculate that at 200 K 
3pheo contributes 15% of the T - S spectrum, the remain- 
ing major part being due to Chl triplets. 
It was argued that the 3pheo triplet was formed via the 
RPM followed by triplet energy transfer [3] 1, but recent 
experiments of Carbonera et al. [4] show that the pheo- 
phytin triplet yield does not change after treatment with 
Triton X-100, which reversibly deactivates the RC [26]. It 
follows that the pheophytin triplet detected with ADMR at 
low temperatures is not formed by the RPM, and that it is 
not due to a Triton X-100-induced contamination r change 
in RC structure. Presumably, at low temperature the pheo- 
phytin absorbing at 680 nm acts as a trap for triplets 
formed by intersystem crossing. Whether the triplet at- 
tributed to pheophytin in the present high-temperature 
experiments i  located on the 680 nm pheophytin or on the 
(active) pheophytin absorbing at 676 nm [1] cannot be 
decided here. The fact that it is magnetic-field sensitive 
above 50 K shows that it is not formed by intersystem 
crossing, but is related to triplet formation via the RPM. 
This suggests that at higher temperatures there is either 
some triplet transfer from 3p680 to the observed pheo- 
phytin, or partial recombination of the radical pair to the 
pheophytin triplet state. 
4.2. Magnetic field effect below 60 K 
The derivative (LD-)MFE-curve recorded at 25 K, mon- 
itoring at 680 nm, is characterised by several local maxima 
and minima, which cannot be understood easily in terms of 
the parameters of 3p and 3Rp. The low-temperature (LD- 
)MFE-curve of the D1-D2-cyt b-559 complex has a much 
sharper structure than that of RCs of purple bacteria [12]. 
For example, the (LD-)MFE-curve of RCs of Rb. 
sphaeroides shows two broad, just-resolved maxima at 12 
and 21 mT, compared to the sharply defined maxima at 
12.5 and 17 mT for the D1-D2-cyt b-559 complex. Com- 
parison of the (LD-)MFE-curves of quinone-depleted RCs 
and RCs containing a pre-reduced quinone indicated that 
the double maximum for bacterial RCs is probably due to 
the presence of a negatively charged quinone, so that its 
presence in the quinone-less D1-D2-cyt b-559 complex is 
quite surprising. A further important difference between 
the bacterial and PS II (LD-)MFE-curves is the region 
below 10 mT. For RCs from purple bacteria, the derivative 
of the MFE-curve shows a sharp negative peak, which 
crosses the baseline at approx. 9.8 mT. For the D1-D2-cyt 
b-559 complex, however, this negative peak is completely 
absent; at 7 mT only a small, positive local maximum is 
observed. In contrast to bacterial RCs, the MFE ± curve of 
the RCs of PS II increases faster at low magnetic field 
strengths than the MFEII curve, so that the LD-MFE 
remains positive at field strengths below 10 mT. 
Angerhofer et al. [27], who performed a magnetic 
field-dependent ADMR study, suggested that the positive 
part of the low-temperature d rivative MFE, reaching a 
maximum at 4.7 mT (an increase of the MFE), is due to a 
so-called 2J-resonance. The purported 2J-resonance 
should also be present in the high-temperature MFE-curve, 
as a 2J-resonance is a characteristic of the RPM-MFE. 
MFE-curves recorded above 60 K, however, do not show a 
2J-resonance at all (Fig. 5). We therefore conclude that 
the peak at 4.5 mT observed at low temperatures is not a 
2J-resonance, but is generated by the MIMS effect. 
4.3. Magnetic field effect above 60 K 
1 Assignment of 3pheo formation to the RPM was largely based on a 
microwave double-resonance experiment; later experimentation has shown 
that the observed effect may have been due to microwave interference 
(Angerhofer, A., private communication and van der Vos, R., unpub- 
lished experiments). 
The temperature-dependence of the MFE recorded us- 
ing sinusoidal modulation with an amplitude of 25 mT 
(Fig. 1) shows three conspicuous features: A sharp de- 
crease in amplitude when going from 25 to 50 K, a slow 
increase going from 50 to 175 K, and a decrease when 
going upwards from 175 K. The first feature can be 
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explained by considering the different mechanisms that 
play a role in the MFE: the MIMS-effect and the RPM- 
MFE. The MIMS-effect is only effective at low tempera- 
tures when the triplet sublevels are not connected by 
spin-lattice relaxation. Thus, the decrease in amplitude of 
the MFE is probably due to the decreasing amplitude of 
the MIMS-effect. The temperature at which the MIMS-ef- 
fect seems to have disappeared (approx. 60 K) agrees with 
the temperature at which the low-temperature MFE-curve 
(Fig. 3, 25 K) transforms into the high-temperature MFE- 
curve (Fig. 3, 80 K). A similar temperature d pendence of
the MFE was observed for bacterial RCs [8,9]. 
The temperature dependence of the MFE above 50 K 
should be described in terms of the kinetic parameters that 
are involved in the RPM and in other primary electron 
transport processes. An increase in amplitude of the RPM- 
MFE can be due to an increase of the triplet yield or of the 
efficiency of the MFE. Which parameters are likely to 
change cannot be inferred from the data of Fig. 1 alone. 
The analysis of the temperature dependence of the MFE 
(Fig. 5) and of time-resolved spectroscopy at different 
temperatures should be included in a quantitative discus- 
sion of the temperature d pendence of the triplet yield and 
the efficiency of the MFE. 
Groot et al. [16] calculated the triplet and fluorescence 
yield as a function of temperature using a complicated 
four-compartment model in which excitation energy was 
transferred between the primary donor and different 
chlorophylls of the D1-D2 complex, the rates which were 
all thermally activated. In addition, the fluorescence was 
assumed to compete with internal conversion, the latter 
being also thermally activated, so that the fluorescence 
yield became less at higher temperatures. Groot et al. 
neglected triplet formation by intersystem crossing, and 
used temperature-independent rates for the formation of 
triplets by the radical pair mechanism and for charge 
recombination to the singlet ground state. The free energy 
of charge separation resulting from the model was in fact a 
distribution of activation energies represented by values of 
20, 40 and 80 meV. The detailed model of Groot et al. 
provides a reasonable fit of the triplet and fluorescence 
yield data, but fails to account for the data on the magnetic 
field effect on the triplet yield. We therefore develop a 
rather different model for the observed temperature d pen- 
dence of the MFE and of the triplet yield, which, although 
fairly simple, properly takes into account he spin dynam- 
ics of the primary donor pair. Our model fits all available 
triplet yield data including those of ReL [16] reasonably 
well, and could serve as a starting point for a more detailed 
description, including for example the temperature depen- 
dence of the fluorescence and its magnetic field effect. 
Consider the energy level scheme drawn in Fig. 9. The 
excited primary donor state P * I decays with rate kFt + k m 
to its ground state, PI. For this rate, we take the in vitro 
fluorescence rate of Chl a, 0.06 ns-1 [28]. (The measured 
recombination fluorescence rates of 0.05 and 0.014 ns -1 
CFI ~ 1 8 C  
PI 
Fig. 9. Energy scheme for radical pair and triplet formation and decay for 
the D1-D2-cyt b-559 complex of PS II. 
[29], are a combination of the actual fluorescence rate, the 
equilibrium between P* and 1Rp, and the decay rates of 
1Rp, and therefore do not represent the actual value of 
kin.) The radical pair singlet state QRP) formed by charge 
separation with rate k I = 300 ns-a [30] recombines to the 
ground state PI with rate k s, determined by Volk et al. to 
be 0.002 ns-1 at 90 K and 0.01 ns-1 at 290 K [15], or to 
the singlet excited state of the primary donor, P *, with rate 
k b. This rate was modelled by a thermally-activated charge 
recombination from 1Rp to P*I, with rate kb=k f 
exp( -AGcs/ksT) ,  where AGcs is the free energy differ- 
ence between the P*I  and l IP+I-] state, kf the rate of 
charge separation from P *, k s Boltzmann's constant and 
T the temperature. We include in our model formation of 
the primary donor triplet state 3p by the radical pair 
mechanism with recombination rate (k~ eu approx. 5 
ns -1 [15]) and by intersystem crossing (ISC) with rate 
k~ sc. From in vitro measurements it was concluded that the 
quantum yields for fluorescence and triplet state formation 
are 32% and 64%, respectively (direct internal conversion 
has a low probability), implying that the rate of triplet 
formation is twice that for fluorescence [32], which yields 
k~ sc= 0.11 ns -1. For the primary donor of the D1-D2 
complex, the rate of internal conversion (kic) could be 
much larger than for Chl a in vitro [16], therefore in our 
simulation km was used as a free parameter. The primary 
donor triplet state decays to the ground state by ISC, with 
rate kts c = 0.6 ms- ~ [24], and by thermally-activated riplet 
charge separation with rate k~ a [15,33]. The set of differ- 
ential equations for the model represented by Fig. 9 is 
d[P] 
dt 
d[P*] 
dt 
K[P] + (k in+ k,c)[P* ] + ks[1Rp] + k~sc[3p] 
(1) 
- -  = - (kF t  + km + kf + k~SC)[p* l + kb[1RP] (2) 
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d[3p] 
dt 
ISC * (kts c 4- k; ' ) [3P]  4- kCPM[3Rp] + k:,- [P ] 
(3) 
d[ p] i 
dt h [H 'p ] -½(ks+kb) [Ps 'p ]+ 
1 I..RPM r -5" r  [Pr,P]+ +kf[P*](Ps lPs)  
4- k T ,[3p](pTiPT) (4) 
with 
['RP] = Tr(Psp ) and [3Rp] = Tr(Prp ) (5a,b) 
and the boundary condition 
[P] + [P*] + ['Re] + [3Rp] + [3p] = 1 (6) 
where K is the excitation flux (set to 950 s -1); all other 
rates and components were defined above. [X] represents 
the concentration f component X, [X,Y] the commutator 
XY-  YX, and [X,Y]+ the anti-commutator XY+ YX. H is 
the Hamiltonian, p the density matrix of the radical pair, 
and I the identity matrix. The diagonal elements of p 
represent the probability that the radical pair recombines to 
a specific electron spin state, which can be selected by the 
singlet and triplet projection operators, Ps and Pr, respec- 
tively. The trace of Ps P and P~ p, the probability that the 
radical pair is in the singlet or in the triplet state [6,11], is 
represented by the pseudo-concentrations [1Rp] and [3Rp], 
respectively. The non-diagonal e ements of p represent the 
transition probabilities between the electron spin states of 
the radical pair, and are determined by the energy differ- 
ences of the radical pair singlet and triplet levels, the 
hyperfine interactions and the difference in g-value of the 
two radical pair components. For bacterial RCs, the term 
of Eq. (4) containing kf is usually ignored, because the 
charge-separation rate kf is much faster than the dynamics 
of the radical pair and the rate of recombination to P *. The 
time evolution of the density matrix is then calculated with 
the starting condition that all molecules are in the charge- 
separated singlet state. In our case, however, the back 
reaction rate k b is thought o play an important role, as it 
could have an appreciable ffect on the triplet yield [31]. 
For k b >_ ks, and kf >> kFt, a considerable part of the loss 
of radical pair singlet states given by (k s + kb)[aRp] is not 
'lost', but recombines to the primary donor excited state 
P *, after which almost immediately again a radical pair is 
formed (in the singlet state). Thus, the effect of a fast 
charge recombination rate k b on the triplet yield is not 
that the 'RP state decays by (k b + k s ) in stead of k s , 
leaving a smaller radical pair population to recombine to 
3p by the RPM, but that an equilibrium is established 
between the 'RP and P* states. Note that, when k 9 
increases, the average time at which the spin evolution of 
the radical pair is interrupted, is reduced. This diminishes 
the average triplet character of the radical pair, resulting in 
a lower triplet yield [6]. 
Haberkorn et al. [34] derived an expression for an 
effective decay rate for the case of two radical pairs 
between which electron hopping occurred, one of the 
radical pairs recombining to the ground state with recom- 
bination rate k s. There are two important differences be- 
tween the hopping model of Haberkorn et al. and our 
system: First of all, our two states between which hopping 
occurs both have a direct decay channel to the ground 
state. This makes it impossible to derive expressions for 
the fluorescence yield and the amount of recombination 
from the radical pair to the ground state, without making 
further assumptions about he relative concentrations of P * 
and 1Rp. Secondly, in our case the hopping process occurs 
between the singlet part of the radical pair and the P* 
state, in contrast o the system of Haberkorn et al. [34] 
where the hopping occurred between two radical pairs, 
with conservation of singlet/triplet character. Therefore, 
the system of Haberkorn et al. and ours are not isomor- 
phous as was stated in Ref. [35], and we cannot substitute 
the 'P* -s tate  and the 1RP state for the 'Distant' and 
'Close' radical pair, respectively, of Haberkorn et al. [34], 
as in [35]. 
The effect of a magnetic field when electron hopping is 
included in the Liouville equation was calculated in [5]. 
We take a somewhat different approach, which yields the 
triplet yield under steady-state conditions. First, we calcu- 
late the triplet yield for a radical pair that is populated only 
once in the singlet state and whose singlet and triplet states 
recombine with rates (k b + ks), and knT PM, respectively, 
with the equations from Haberkorn et al. for the one-pro- 
ton model [6]. We neglect he source term with k~' in Eq. 
(4), because at all temperatures, k T ' << k¢ PM. The triplet 
yield of a radical pair created in the singlet state at zero 
field is [6] 
qbr(0 ) = 3( A/h)ekneg( (ks  + kb) + k;  PM) 
/ ( [3 (  A/h)2+ 4(k s + kb)k~eM l 
×((ks + kb) + k;PM) 2 
+ 16(k s + kb)k~eM(J -A /2 )2 /A2},  (7) 
and at infinite magnetic field 
d~r(oo ) = ( A /h )2k ;eg( (  ks + kb) + k; eM) 
/ ( [ (A /h )  2 + 4( k s + kb)k; PM] 
x ((ks + + 1,¢"M) 
16(k s + kb) k~eM( J Ih)Z}.  (8) + 
In Eqs. (7) and (8), the driving force of singlet-triplet 
mixing is the hypeffine interaction; the difference in g- 
value of the two radicals is neglected. From the EPR-line- 
width, the average hyperfine interaction of P + is estimated 
to be 8 G [36], and that of I-  13 G [37], resulting in an 
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effective one-proton hyperfine interaction A of 15.26 G 
[6]. If there is no charge recombination to P *, i.e. k b = O, 
then, for kf >> kFt, the triplet yield calculated with Eq. (7) 
should equal the actual triplet yield of the system. 
We will now introduce a kinetic model, from which the 
steady-state concentrations of the states of Fig. 9 will be 
calculated. The model is based on the idea that if a 
steady-state situation is obtained, there exists an effective 
mixing rate ksr, which can be substituted for the radical 
pair mechanism. In this kinetic model, Eq. (4) is split into 
" "SY;". . ,  I 
0.~0 40 m e V ~  
0.00 8:1 , , ~ ,  , , , 
k f [P* l - (k  b +ks+ksr ) [1Rr ]  (4a) 7 
and d &~ 
d[3Rp] ~ 2.70 
ksr[1RP] - krRPM[3Rp]. (4b) ~ 1.80 
The effective mixing rate ksr is defined by ~ \ \  
4'r  (B )  = ksT(B) 0.*O 
k s + k b -4- ksr(B ) 
resulting in 
ksr (B)  = (1 - Or (B) )  ' (9) 
so that every time a radical pair is formed, the triplet yield 
equals that calculated with Eqs. (7) or (8). The steady-state 
concentrations are calculated by calculating ksr(B) for 
B = 0 and 0% setting the time-derivatives of Eqs. (1)-(4b) 
to zero, and solving the resulting system of linear equa- 
tions, using Eq. (6) as a boundary condition. The differ- 
ence in 3p concentration for B = 0 and oo multiplied by 
(kls c "4- kT 1 ) gives the MFE on the yield of 3p. 
In a first simulation, we kept k s coristant; as all rate 
constants involved in the model are relatively well known, 
the only free parameters of the simulation are the free 
energy difference AGes, which was expected to determine 
the characteristics of the broad maximum in Fig. 1, and the 
rate of internal conversion, ktc. The latter proved to be an 
important parameter in determining the triplet yield at 
temperatures above 200 K. If the triplet formation by ISC 
was neglected, the free energy difference AG¢~ indeed 
determined the temperature at which the MFE started to 
increase and where it was maximal. Quite surprisingly, 
however, if k~. sc was included in the simulation, then 
AGc~ determined the temperature atwhich the MFE started 
to decrease, and no maximum was observed. Apparently, 
the small value of k~ sc (<  0.1% of kf) becomes impor- 
tant, if the P * level is repeatedly populated by the hopping 
between 1Rp and P *. In that case, primary donor triplets 
are also formed by ISC. In a next step, we introduced a
thermally-activated 1Rp decay rate ks(T), of the form: 
i O.INI --.~'~-.~'~+" " , I "  - a 
Z~Eks 
ks(T ) = k~ + Kse(~) ,  (lO) 
C 
0 1~ m m 
Fig. 10. Simulations of the temperature d pendence of the triplet yield 
without magnetic field (q~(0)) and with a saturating magnetic field 
(qb(oo)) for different experimental data. The simulations were performed 
for a free energy of charge separation (AGes of -40 meV (full line), 
- 50 meV (short-dashed line) and - 70 meV (long-dashed line)). (a) The 
triplet yield (~(0)) measured by Groot et al. [16] (0). Dotted line: 
simulation of the triplet yield with AGes = -50 meV and no internal 
conversion (ktc =0). (b) The MFE measured in this work (D), and 
corrected for the effect of the non-saturating magnetic field (•), as 
described in the text. The simulated curves represent qb(0)-qb(oo) for 
values of AGes as in Fig. 10a; they are normalised on their (local) 
maximum. (c) The MFE ratio, q~(oo)/q~(0), measured by Volk et al. [15] 
([3). Simulated curves calculated for values of AGc~ as in Fig. 10a. 
where k~ represents the constant low-temperature ate of 
recombination when nuclear tunnelling takes over. Fig. 10 
shows the simulation with k~ = 0.0020 ns-1, Ks = 0.022 
ns-  1, AEks = _ 26 meV, and AGes = - 40, - 50 or - 70 
meV. 
Fig. 10a shows the data of the triplet yield measured by 
Groot et al. [16] and our simulation. It is seen that the data 
are simulated best when AGes is between -40  and -50  
meV. For illustration, the triplet yield is simulated also for 
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the case that there is no internal conversion. Introducing a
thermally-activated internal conversion and a distribution 
of energies as in Groot et al., could further improve the 
simulation, but that is beyond the scope of this work. k~ 
was chosen such that the triplet yield at low temperatures 
equalled that measured by Groot et al. [16]. In our model, 
recombination of the singlet radical pair to P * provides a 
loss channel in the radical pair mechanism, lowering the 
RPM triplet yield appreciably at higher temperatures. At
T > 200 K, the calculated yield is almost constant, in good 
agreement with the measured yield ([14,16,38]; E. Franken, 
unpublished results). 
The dependence on the temperature of the magnetic 
field effect presented in this work, could not be simulated 
as straightforward asthat of the triplet yield. Eq. (8) holds 
for the triplet yield at infinite magnetic field. However, the 
maximal magnetic field of our Helmholtz coils was not 
infinite, but approx. 25 mT. Volk et al. determined that the 
magnetic field at which the MFE reached half of its value 
in saturation (B1/2) changed from 340 G at 90 K to 190 G 
at 290 K. This dependence of B1/2 on T implies that the 
MFE measured by us is not a constant fraction of the 
(theoretical) maximal difference, but that this fraction 
changes with temperature. Assuming a Lorentzian shape of 
the magnetic field dependence of the triplet yield, the MFE 
measured can be represented by (M. Volk, personal com- 
munication) 
(B2) 
MFE= (qD(0) - qO(oo)) B 2 +B2/2 (12) 
We approximated the temperature dependence of B1/2 
by interpolating B1/2 linearly between the two values of 
B1/2 measured by Volk et al. at 90 and 290 K [15]. 
Dividing the measured ata by the factor resulting from 
the Lorentzian shape, results in an MFE-curve that can be 
compared with the theoretically calculated curves. Fig. 10b 
shows the 'corrected' data together with the simulated 
MFE-curves. It is seen that the curve for AGes = -70  
meV fits the data quite well, whereas the maxima for 
AGes = -40  and -50  meV are located at temperatures 
that are lower than that of the experimentally determined 
maximum. Although a free energy difference of - 70 meV 
is somewhat higher than that found in the simulation of the 
temperature d pendence of the triplet yield (see above), we 
feel that considering the rather crude approximation made 
for the temperature dependence of B1/2, the agreement 
between the two independent simulations is satisfactory. 
Above, we have simulated the temperature dependence 
of the triplet yield (qb(0)) and the magnetic field effect 
(qb(~) -  q~(0)). As a further test of our model, we also 
simulated the temperature dependence of the relative mag- 
netic field effect, that is qO(~)/qO(0), which was measured 
by Volk et al. [15]. The simulation and the data of Volk et 
al. are shown in Fig. 10c. The simulated ratio is approx. 
0.65 at 20 K, steadily decreases with increasing tempera- 
ture, reaches a minimum between 100 and 200 K, and 
increases with further warming (Fig. 10c). In the high 
temperature limit, well above 300 K, the ratio equals unity. 
The initial decrease of the ratio, at temperatures between 
75 K to 190 K, is due to the decrease in triplet yield, from 
a value close to unity, where the MFE is small (for 100% 
triplet yield there is only one decay channel of the radical 
pair, and the presence of a magnetic field does not affect 
the yield), to about 0.3, where the MFE approaches its 
maximum value. On further warming, k b increases and 
due to the repopulation of P *, a considerable amount of 
triplets is then formed by ISC. Because the yield of the 
triplets formed by ISC contributes to the overall triplet 
yield, but does not depend on the magnetic field, the ratio 
qO(~)/qO(0) increases 2. Our simulations how that for a 
broad range of AGes values, the triplet yield at room 
temperature contains a large contribution of triplets formed 
by ISC. Note, however, that at 300 K our simulated values 
of ~(B  = o~)/~(B = 0) are always considerably higher 
than the ratios measured by Volk et al. It proved not 
possible to achieve a better fit without compromising the 
fits of Fig. 10a,b. This might be due to the relative 
simplicity of our model. For example, taking nuclear spin 
polarisation into account would depress the relative yield 
of triplets formed by the RPM [39]. At higher temperatures 
increased spin-lattice relaxation lowers the extent of nu- 
clear polarisation, thus lowering the calculated ratio 
qO(oo)/qO(O). Before extending our model, however, fur- 
ther experimentation is needed, for example for verifying 
the occurrence of a minimum in the temperature depen- 
dence of qb(oQ/~(O) as predicted by our simulations. 
5. Conclusions 
The (LD-)MFE-curve of the D1-D2 complex recorded 
at 25 K, shows more structure than that recorded for RCs 
of Rb. sphaeroides wild-type. The additional structure 
cannot be due solely to the differences in the zero-field 
parameters of 3p; possibly, it is due to a pheophytin triplet, 
or to as yet unknown environmental factors. 
The temperature dependence of the magnetic field-in- 
duced T -  S spectra was small. The shorter-wavelength 
triplet type disappears between 50 and 70 K, and is 
probably converted into the central-wavelength triplet type. 
At temperatures above 120 K, the T - S spectrum shows a 
new bleaching, centred at 674.5 nm. 
2 For example, if half of the triplet yield is formed by ISC (Ytsc), and 
half of the triplets by the RPM (YRPM), and the MFE reduces YReM by 
one third, the ratio ~(oo)/qb(0) becomes 
'~(~) r~sc 1 2 +~YRPM 
qb(O) YlSC + rRem 3' 
much larger than expected for the actual MFE. 
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The temperature dependence of the amplitude of  the 
MFE between 50 and 200 K is discussed in the f ramework 
of  a kinetic model,  in which the steady-state population of  
the different primary donor states are calculated, using 
expressions for the triplet yields derived by Haberkorn et 
al. [6]. The max imum of the MFE observed at approx. 150 
K is ascribed to a thermally-activated rate of  charge 
recombinat ion from the radical pair singlet state to the 
singlet ground state, k s. A t  higher temperatures, triplet 
formation by ISC becomes important because of  ther- 
mal ly-act ivated charge recombinat ion from 1RP to P *. We 
predict a min imum in the MFE ratio qb(oo)/qb(0) between 
100 and 200 K. 
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